Tumor cells that are grown in three-dimensional (3D) cell culture exhibit relative resistance to cytotoxic drugs compared with their response in conventional two-dimensional (2D) culture. We studied the effects of targeted agents and doxorubicin on 2D and 3D cultures of human breast cell lines that represent the progression from normal epithelia (modeled by MCF10A cells) through hyperplastic variants to a dysplastic/carcinoma phenotype (MCF10.DCIS cells), variants transformed by expression of activated Ras, and also a basal-subtype breast carcinoma cell line (MDA-MB-231). The results showed the expected relative resistance to the cytotoxic agent doxorubicin in 3D cultures, with greater resistance in normal and hyperplastic cells than in carcinoma models. However, the response to the targeted inhibitors was more complex. Inhibition of mitogen-activated protein kinase kinase (MEK) by either 1,4-diamino-2,3-dicyano-1,4-bis(methylthio)butadiene (U0126) or 2-(2-chloro-4-iodo-phenylamino)-N-cyclopropylmethoxy-3,4-difluoro-benzamide (CI-1040, PD184352) produced a similar inhibition of the growth of all the MCF10 cell lines in 2D. In 3D culture, the normal and hyperplastic models exhibited some resistance, whereas the carcinoma models became far more sensitive to MEK inhibition. Increased sensitivity to MEK inhibition was also seen in MDA-MB-231 cells grown in 3D compared with 2D. In contrast, inhibition of phosphatidylinositol 3Ј-kinase activity by wortmannin had no significant effect on the growth of any of the cells in either 2D or 3D. Our conclusion is that 3D culture models may not only model the relative resistance of tumor cells to cytotoxic therapy but also that the 3D approach may better identify the driving oncogenic pathways and critical targeted inhibitors that may be effective treatment approaches.
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Although oncogenic mutation of Ras is a relatively uncommon event in human breast cancers, there is prevalent functional activation of Ras signaling caused by alterations such as overexpressed growth factor receptors (von Lintig et al., 2000; Eckert et al., 2004) . Of the several pathways downstream of activated Ras, extracellular signal-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) signaling has been strongly implicated as a driver of the malignant phenotype and potential therapeutic target for breast and other cancers (McCubrey et al., 2007; Roberts and Der, 2007; McGlynn et al., 2009) . Activation of this pathway may be particularly important, for example, in the basal or triplenegative subtype of breast cancer that is notably resistant to current therapies (Mirzoeva et al., 2009) . Major preclinical and clinical effort has been focused on the MAPK kinases (MEKs) that are immediately upstream and critical for activation of ERK MAPKs (Allen et al., 2003; Rinehart et al., 2004) .
Most in vitro preclinical therapeutic development for carcinomas has relied on traditional cell culture systems that grow cell lines attached to dishes [two-dimensional (2D) cell culture]. However, it has long been realized that cells grown in three-dimensional (3D) matrices can show relative resistance to chemotherapeutic drugs (Weaver et al., 2002) . This property has been termed multicellular resistance and proposed to be more representative of tumor response in vivo than that found in 2D cell culture (Croix et al., 1996; Green et al., 1999; Desoize and Jardillier, 2000) .
Culture of breast epithelial cells in 3D in reconstituted basement membrane (rBM) has been developed and refined by several groups, notably those of Bissell and Brugge (Debnath et al., 2003; Schmeichel and Bissell, 2003) . We have recently adapted the rBM overlay 3D culture protocol to the MCF10 premalignant progression series of cells to provide an in vitro model of the stages of normal breast epithelia through hyperplasia, atypical hyperplasia, to ductal carcinoma in situ . In this study, we systematically compare the effects of MEK inhibition on 2D and 3D cultures of the MCF10 progression series, plus MCF10 variants that are transformed by high level expression of activated H-Ras and N-Ras oncogenes, and the basal breast cancer cell line MDA-MB-231. Whereas MEK inhibition has a similar inhibitory effect on all the MCF10 variant cell lines when grown in 2D culture, 3D rBM culture reveals a striking selectivity for inhibition of the carcinoma models that is in marked contrast to a relative resistance in the normal and hyperplastic models. The results from this study suggest that 3D rBM overlay culture may be an improved system for preclinical screening of Ras pathway inhibitors.
Materials and Methods
Reagents. Dulbecco's modified Eagle's medium (DMEM)/F12, horse serum, phosphate-buffered saline (PBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), human epithelial growth factor, and insulin were purchased from Invitrogen (Carlsbad, CA). DMEM, trypsin/EDTA solution, and penicillin-streptomycin were obtained from Cellgro (Herndon, VA). Fetal bovine serum (FBS) was from HyClone Laboratories (Logan, UT). Basement membrane matrix (Matrigel) was obtained from BD Biosciences (San Jose, CA). Protease inhibitor mixture tablets were obtained from Roche Diagnostics (Indianapolis, IN). The MEK inhibitor PD184352 (or CI-1040) was supplied by Pfizer (New York, NY). The MEK inhibitor U0126 and its inactive analog U0124 were purchased from Calbiochem (San Diego, CA). Enhanced chemiluminescence Western blotting detection reagents were purchased from GE Healthcare (Little Chalfont, Buckinghamshire, UK). Doxorubicin, hydrocortisone, the phosphatidylinositol 3Ј-kinase inhibitor wortmannin, and other chemicals were from Sigma-Aldrich (St. Louis, MO). Rabbit anti-phospho-Akt (Ser473) and anti-total ERK1/2 antibodies were purchased from Cell Signaling Technology (Danvers, MA). Mouse anti-phospho-Erk1/2 antibody was from Sigma-Aldrich. Mouse antitubulin antibody was obtained from Developmental Studies Hybridoma Bank (Iowa City, IA). Horseradish peroxidase-conjugated donkey anti-mouse IgG and horseradish peroxidase-conjugated donkey anti-rabbit antibodies were purchased from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA).
Cell Lines and Maintenance. MCF10A human breast epithelial progression series of cells (MCF10A, NeoT, AT1, and DCIS) were obtained from the Cell Lines Resource (Karmanos Cancer Institute, Detroit, MI). Retroviral transformed MCF10A cell lines stably expressing constitutively active H-RasD12 (H-Ras) or active N-RasD12 (N-Ras) were gifts from Dr. Hyeong-Reh Choi Kim (Department of Pathology, Wayne State University). Human breast cancer cell line MDA-MB-231 was a gift from Dr. Bonnie F. Sloane (Wayne State University). MCF10A series of cells were maintained as monolayers at 37°C, 5% CO 2 in growth medium: DMEM/F12 containing 5% horse serum, 20 ng/ml epidermal growth factor, 10 g/ml insulin, 0.5 g/ml hydrocortisone, 50 U/ml penicillin, and 50 g/ml streptomycin.
MDA-MB-231 cells were maintained as monolayers in DMEM containing 10% FBS, 50 U/ml penicillin, and 50 g/ml streptomycin.
2D Culture Model and MTT Assay. Live cells can convert MTT into an insoluble dye formazan that can be solubilized by dimethyl sulfoxide (DMSO) and measured using a spectrometer as an indicator of live cell numbers. These studies were performed largely as we described previously . In brief, 10 3 trypsinized cells were seeded per well containing 200 l of growth medium with inhibitors or vehicle in 96-well plates and cultured for 3 days. Then 20 l of MTT stock solution (5 mg/ml in PBS) was added per well, and the plates were incubated for 4 h. The medium was removed, and the formazan precipitate was dissolved in 150 l of DMSO per well. The absorbance values were measured using a plate reader (SpectraFluor Plus; Tecan, Salzburg, Austria) at the wavelength of 485 nm.
3D Cell Culture Model. The 3D rBM culture model of the MCF10 variants was used as described previously except that the media were changed every 3 days rather than every 4 days. The 3D rBM culture of the MDA-MB-231 cells was similar except that the medium used was DMEM containing 2.5% FBS, 50 U/ml penicillin, 50 g/ml streptomycin, and supplemented with 2% (v/v) of Matrigel. After culture for 9 days, the cells were fixed with 4% paraformaldehyde for 20 min, quenched with 0.75% glycine in PBS three times, 10 min each time, and subjected to microscopic imaging.
Imaging and Quantification of Spheroidal Structures. Growth of cells in 3D rBM overlay culture can be assayed by measurement of the diameter of structures formed (Wang et al., 2002) . Fixed cells were imaged with an LSM 510 confocal microscope (Carl Zeiss GmbH, Jena, Germany) using a 5ϫ objective dipping lens. Tile-scan mode was used to obtain a 5 ϫ 5 phase contrast tile image that covered the whole area of the Matrigel on a coverslip. The images were converted into tagged image file (.tif) files with the actual image size information using the software provided by Zeiss. The diameters of the spheroidal structures were measured using Adobe Photoshop version CS2 software (Adobe Systems, Mountain View, CA). In brief, the latitudinal diameters from 100 spheroidal structures of each sample were measured in a blinded protocol relative to the experimental design.
Statistical Analysis. Data from the cell proliferation assays were plotted on logarithmic assays of drug concentration using Prism software (GraphPad Software Inc., San Diego, CA) to calculate the concentration of drug required for 50% inhibition of cell growth (GI 50 ) by nonlinear regression curve fitting with sigmoidal doseresponse (variable-slope) parameter. To compare GI 50 values for statistically significant differences, the F test was used with a threshold of p Ͻ 0.05.
Western Blot Assays. Lysates from 2D cultures were prepared as described previously . To obtain sufficient material for Western blotting from 3D rBM cultures, the overlay culture process was adapted to be performed on 35-mm culture dishes rather than 12-mm diameter coverslips. After treatment, the cultures were briefly washed with PBS and solubilized in a buffer designed for both lysis and loading of SDS-polyacrylamide gel electrophoresis: 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM sodium pyrophosphate, 2 mM EDTA, 1% (v/v) Nonidet P40, 1% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 2% (w/v) SDS, 50 mM sodium fluoride, 0.2 mM sodium orthovanadate, 0.005% (w/v) bromphenol blue, and supplemented with protease inhibitor mixtures according to the manufacturer's instructions. The cell lysates were subjected to brief sonication and heated in 100°C for 5 min and loaded onto SDSpolyacrylamide gels for electrophoresis. The proteins from the gel were transferred onto nitrocellulose membrane, blocked with 2% milk solution, and probed for specific target proteins with corresponding antibodies. Because protein concentrations could not be used to standardize the lysates (because of the presence of the rBM), the lysates were initially loaded based on volume and tested for content of tubulin by Western blotting. If necessary, loading adjustments were made to equalize the tubulin contents of the samples.
Results
The inhibitors of MEK are among the most selective of known kinase inhibitors, and the availability of structurally distinct agents, such as CI-1040 and U0126, provides a further approach to confirm that effects are caused by target block (Bain et al., 2007) . We recently investigated the effects of inhibition of ERK MAPK activation in 2D cultures of Ras-transformed breast epithelial cells and found that it induced the relocalization of E-cadherin to cell-cell junctions . In that study, 1 M CI-1040 or 10 M U0126 was sufficient to strongly inhibit ERK activation and induce reversion of transformed phenotypes but did not lead to a complete block in cell proliferation. Because inhibition of a driving oncogenic pathway might be expected to have a more profound effect on proliferation (Sharma and Settleman, 2007) , we investigated whether this result suggested that either proliferation was driven by other pathways or else that the 2D cell culture model was not the most appropriate one for these assays.
We established 3D rBM overlay cultures of MCF10A breast epithelial cells and variants that are driven by expression of activated Ras and tested for growth inhibition by inhibition of MEK, inhibition of phosphatidylinositol 3Ј-kinase, and by the cytotoxic agent doxorubicin (Fig. 1) . The data show that the MCF10A model of normal breast epithelial cells formed the expected acinar morphology and exhibited significant resistance to all the targeted agents tested. The cells transformed by high-level expression of either H-Ras or N-Ras exhibited prominent but distinct hyperproliferative phenotypes in the 3D matrix. The MCF10.H-Ras cells produced extensive stellate structures, whereas the MCF10.N-Ras cells produced large and poorly organized clumps of cells. In further contrast to the MCF10A cells, the H-Ras and N-Ras cells were completely inhibited in their proliferation by either of the two MEK inhibitors. As a further control, we used the inactive structural analog U1024 (Favata et al., 1998) and found that it had no effect on proliferation. The MCF10.DCIS line, which we have previously shown to have a lower level of expression of activated H-Ras than is found in the MCF10.HRas cells ) and a moderately dysplastic character in 3D rBM overlay culture , showed an intermediate phenotype, with strong but incomplete inhibition of proliferation after MEK inhibition.
To check that the MEK inhibitors were fully inhibiting the target in all the 3D rBM overlay cultures, we assayed for the levels of dually phosphorylated ERK1/2 MAPKs. In addition to the cell lines shown in Fig. 1 , we also tested the effect on the MCF10.NeoT and MCF10.AT1 variants that are intermediate in the progression series between MCF10A and MCF10.DCIS cells, and that model hyperplasia and atypical hyperplasia, respectively . The results show that ERK1/2 MAPKs are strongly activated in 3D rBM overlay cultures of MCF10.DCIS, MCF10.H-Ras, and MCF10.N-Ras cells and that this activation can be completely blocked by either U0126 or CI-1040 (Fig. 2) . Levels of ERK1/2 MAPK activation in the MCF10A, MCF10.NeoT, and MCF10.AT1 cells were extremely low in 3D rBM overlay culture [particularly compared with our previous results on the robust activation present in 2D culture )], but that basal level could also be blocked by MEK inhibition.
To investigate the relative sensitivity and resistance of the MCF10A breast epithelial cells and variants to MEK inhibition in 2D and 3D culture, we defined the dose-response of growth inhibition (Fig. 3) . Proliferation was assayed in 2D culture by MTT assay , whereas growth in 3D rBM overlay cultures was defined by measurement of the size of structures formed (Wang et al., 2002) . The results showed that all the cell lines had a similar sensitivity to growth inhibition by U0126 or CI-1040 when the cells were cultured in 2D (Fig. 3, A and C) . The concentration of drug required to inhibit growth by 50% (GI 50 ) was 1.8 to 4.4 M for U0126 and 0.1 to 0.5 M for CI-1040 (Table 1) . There was only the most marginal trend toward the MCF10A normal cell model being slightly less sensitive than the transformed cells to MEK inhibition in 2D culture. The results of MEK inhibition on growth in the 3D rBM overlay cultures were distinct, however (Fig. 3, B and D) . Although U0126 still blocked the proliferation MCF10.H-Ras and N-Ras cells with comparable GI 50 values to its action in 2D culture, the normal MCF10A model and the hyperplastic variants, MCF10.NeoT and MCF10.AT1, were not sensitive to this range of U0126 treatment (Table 1 ). The MCF10.DCIS dysplastic variant showed an intermediate response, with a partially resistant phenotype toward U0126. The results from treatment with CI-1040, which is a more potent inhibitor of ERK activation Fig. 2 . Inhibition of ERK activation by MEK inhibitors in 3D rBM overlay cultures of MCF10 cell variants. Cells were incubated for 1 day in 3D rBM overlay cultures, and then either DMSO vehicle or inhibitor (10 M U0126 or 1 M CI-1040) was added for 24 h as shown. Lysates were prepared and subjected to Western blotting for active, dually phosphorylated ERK1/2 and for tubulin to confirm equal loading. The blots were also stripped and reprobed for total ERK1/2 as described previously (Mattingly et al., 2001 ). Results are representative of three independent experiments. (Mattingly et al., 2006) , showed even more difference in 3D rBM overlay culture from that seen in 2D culture (Fig. 3, C and D) . The normal MCF10A model, the hyperplastic MCF10.NeoT and MCF10.AT1 cells, and the dysplastic MCF10.DCIS cells all showed an increase in GI 50 values for growth inhibition that indicated relative resistance to CI-1040 when cultured in 3D versus 2D. On the other hand, the transformed MCF10.H-Ras and N-Ras lines showed a dramatic and significant sensitization to CI-1040 inhibition, with GI 50 values reduced to the low nanomolar range (Table 1) .
Because proliferation in 2D cultures had been assessed by MTT assay, whereas that in 3D cultures had been assayed by the size of structures that were formed, we further confirmed the effect of MEK inhibitors on the proliferation of the control MCF10A cells and the MCF10.H-Ras and N-Ras lines in 3D cultures by an adaptation of the MTT assay. The results (Supplemental Table 2 ) show very close alignment with those obtained by measurement of structure size (Table 1) . In particular, the results confirm that MCF10.H-Ras and N-Ras cells show approximately 10-fold greater sensitivity to inhibition of proliferation by CI-1040 in 3D compared with 2D culture, when both assays are performed using the MTT protocol after 3 days of treatment.
The initial studies suggested that inhibition of the phosphatidylinositol 3Ј-kinase pathway, which is also downstream of activated Ras, may not be required for the proliferation of the MCF10 variants in 3D rBM overlay culture (Fig. 1) . Because it is important to determine whether the sensitivity of the Ras-transformed cells in 3D culture represents a general response to inhibition of several pathways or a specific reliance on ERK pathway activation, we defined the action of wortmannin in more detail (Supplemental Fig.  1 ). Over the range of concentrations tested, we did not find any significant growth inhibition by wortmannin on the growth of any of the MCF10 variants in either 2D or 3D rBM overlay cultures (Supplemental Fig. 1, A and B) . To confirm that this lack of effect was not caused by a failure to inhibit the activation of the phosphatidylinositol 3Ј-kinase/Akt pathway, we assayed the activation of that pathway in the cells and the effect of wortmannin (Supplemental Fig. 1C) . In contrast to the data on ERK activation (Fig. 2) , there is increased activation of Akt (as assayed by phosphorylation of Akt at Serine-473) only in the MCF10.DCIS cell line. The MCF10.H-Ras and N-Ras lines do not have increased Akt activation compared with that present in the normal MCF10A model or in the hyperplastic MCF10.NeoT or MCF10.AT1 variants. This pattern of Akt activation is similar between the cells grown in 2D and 3D rBM overlay culture. In all the cell lines, wortmannin was able to effectively inhibit the activation of Akt, although it had no effect on cell proliferation (Supplemental Fig. 1 ).
Because cells derived from the breast and other tissues have typically been shown to have decreased sensitivity to growth inhibition in 3D culture conditions (Croix et al., 1996; Green et al., 1999; Desoize and Jardillier, 2000) , we further tested whether the Ras-transformed MCF10 cells in rBM overlay culture had relative sensitivity or resistance to a cytotoxic treatment. Doxorubicin is one of the most widely used chemotherapeutic drugs and has an established role in treatment of basal-subtype and triple-negative breast cancer (Schneider et al., 2008 ). Therefore, we tested the growth inhibition induced by doxorubicin in 2D and 3D cultures of the MCF10 variants (Fig. 4) . In 2D culture, all the MCF10 variants were similarly sensitive to inhibition of growth by doxorubicin, with GI 50 values between 0.4 and 2.0 M. Once again, there was a marginal trend for the MCF10A normal model to be the least sensitive line tested. In 3D rBM overlay culture, the normal MCF10A cells (Fig. 1) and the less transformed hyperplastic and dysplastic models all exhibited significant resistance to doxorubicin (Fig. 4) . GI 50 values increased to between 13.5 and 38.5 M for inhibition of growth by doxorubicin in the MCF10A, NeoT, AT1, and DCIS cells. The MCF10.H-Ras and N-Ras cells, on the other hand, showed only a marginal resistance to doxorubicin when grown in 3D rBM overlay culture (Fig. 4) . The GI 50 values slightly increased to 0.6 to 0.7 M for inhibition of growth by doxorubicin in the MCF10.H-Ras and N-Ras cells (Table 1) .
The results so far indicated that 3D rBM overlay culture revealed a relative and selective sensitization to MEK inhibition in Ras-driven MCF10 breast epithelial cells. To test whether this pattern of response was present in an independent model that includes endogenous Ras activation, we assayed the effects of MEK inhibitor and doxorubicin treatment on 2D and 3D rBM overlay cultures of MDA-MB-231 cells (Fig. 5) . The results show that the MDA-MB-231 cells are relatively much more resistant to MEK inhibition in 2D culture than the MCF10 variants, with GI 50 values of 97 and 8.3 M for U0126 and CI-1040, respectively (Table 1) . These results are in close agreement with the recently published values of 60 and 33 M (Mirzoeva et al., 2009 ). However, the change in sensitivity to MEK inhibition induced by 3D rBM overlay culture was even more striking than that seen for the Ras-driven MCF10 variants (Fig. 5B) . The GI 50 value for U0126 decreased to 6.3 M, whereas that for CI-1040 decreased to 0.15 M (Table 1 ). In comparison, the response to doxorubicin showed a modest resistance when MDA-MB-231 cells were cultured in rBM overlay culture, with GI 50 values of 16 M in 2D and 26 M in 3D (Table 1) .
Discussion
The induction of relative resistance to growth inhibition by cytotoxic treatment when tumor cells are grown in 3D compared with 2D culture has been generally observed and proposed to be a better model of the response of tumors to therapy in vivo (Croix et al., 1996; Green et al., 1999; Desoize and Jardillier, 2000; Muir et al., 2006; Friedrich et al., 2007) . Several mechanisms have been proposed to underlie this resistance, including decreased drug penetration and alterations in the signaling pathways in tumor cells that are able to form adhesion-dependent organization in 3D conditions (Green et al., 1999; Hurst et al., 2005) . A classic study by Weaver et al. (2002) has previously investigated nonmalignant and tumorigenic variants of HMT-3522 human breast epithelial cells for their responsiveness to a variety of proapoptotic treatments in 2D and 3D rBM overlay cultures. The results showed that although the nonmalignant and tumor cells were similarly sensitive in 2D culture, only the normal cells became resistant when they formed organized structures in the 3D system (Weaver et al., 2002) . The results in the present study on the effects of doxorubicin in the MCF10 variants and in MDA-MB-231 cells in 2D versus 3D culture largely agree with these conclusions. There was a much larger increase in the GI 50 value for doxorubicin treatment of the normal and hyperplastic variants of MCF10 cells than there was for the MCF10.H-Ras, N-Ras, or MDA-MB-231 cells when cultured in 3D rBM overlay culture. In this case, relative resistance to doxorubicin correlated with a reduced activation level of ERK in the 3D system of the normal and hyperplastic models. We have previously shown that acquired resistance to doxorubicin in neuroblastoma cells is associated with decreased ERK activation (Mattingly et al., 2001) . Therefore, these results could suggest that combinations of kinase inhibitors that reduce ERK MAPK activation with doxorubicin chemotherapy may limit the efficacy of the cytotoxic component.
MEK inhibition in clinical trials has been generally well tolerated but marked by limited activity against malignancies that have included breast cancers (Rinehart et al., 2004 ; Adjei et al., 2008) . The relative resistance of the normal MCF10A and hyperplastic models to growth inhibition by MEK inhibitors in 3D rBM overlay culture would be consistent with the lack of toxicity of this approach in vivo. More recently, Mirzoeva et al. (2009) have investigated MEK inhibition in a very large panel of breast cancer cell lines and concluded that a basal-like phenotype of breast cancer determines susceptibility to blockade of ERK activation. An implication of this result could be that a more focused clinical trial of MEK inhibitors in this particular subtype of breast cancer may be warranted. The basal subtype of breast cancer, which overlaps significantly with that defined to be "triple negative" by lack of expression of estrogen receptor, progesterone receptor, and HER2, is greatly in need of effective, targeted therapeutic approaches (Schneider et al., 2008) . The MDA-MB-231 cell line, although phenotypically basal-subtype, was paradoxically the least sensitive of all the 46 cell lines previously profiled for response to MEK inhibition (Mirzoeva et al., 2009 ). The very high GI 50 values found for U0126 and CI-1040 in that study are similar to those determined in this study from the 2D cultures. The great increase in potency that we found for MEK inhibitors to block the proliferation of MDA-MB-231 cells that were grown in 3D rBM overlay culture (15-fold increase in sensitivity to U0126; 56-fold increase in sensitivity to CI-1040) provides a potential explanation for this discrepancy. For example, the potent ability of CI-1040 to block MDA-MB-231 proliferation in 3D with a GI 50 value of 0.15 M would make that cell line more sensitive than any of the 46 lines tested for inhibition in 2D culture (Mirzoeva et al., 2009) .
The most striking result from the current study is that rather than showing resistance to block of ERK activation in 3D culture, the MCF10.H-Ras, MCF10.N-Ras, and MDA-MB-231 cells all show a marked sensitization to growth inhibition after treatment with MEK inhibitors in rBM overlay culture. These results are consistent with previous data on the effects of an earlier generation and less potent MEK inhibitor, PD98059, on 3D rBM cultures of breast tumor cell lines (Wang et al., 1998 (Wang et al., , 2002 . The sensitization that we have described to MEK inhibition was highly selective because 1) it did not occur in the MCF10A normal epithelial model or in the hyperplastic variants thereof; 2) there was no sensitivity to inhibition of the phosphatidylinositol 3Ј-kinase/ Akt pathway that is also downstream of Ras activation; and 3) the increase in sensitivity to the targeted approach in the 3D rBM overlay cultures was accompanied by the expected relative resistance to cytotoxic treatment under the same conditions. More recently, a potentially similar result has also been published. Aggregates of HER2-positive breast and ovarian cancer cells growing in 3D are significantly more sensitive to growth inhibition by trastuzumab than the same cell lines growing in 2D (Pickl and Ries, 2009 ). Although we did not define a role for phosphatidylinositol 3Ј-kinase/Akt signaling, recent evidence suggests that combination blockade of both that pathway and MEK may be particularly effective in inhibition of basal-like breast cancers (Hoeflich et al., 2009 ).
In conclusion, the results of this study provide evidence that 3D overlay culture in rBM reveals a critical sensitivity to inhibition of ERK activation in two independent cell models of Ras-driven breast cancer that is not present in 2D cell culture. In contrast to the relative resistance to cytotoxic therapeutics that is observed in 3D culture, an increase in potency of MEK inhibitors was described. The sensitivity to MEK inhibition was highly selective in that there was no sensitivity to the inhibition of the phosphatidylinositol 3Ј-kinase/Akt pathway that is also downstream of Ras activation, and that normal and hyperplastic models of breast epithelia showed relative resistance to MEK inhibition in 3D culture. Thus, it is reasonable to propose that 3D culture models may not only provide a better model for the relative resistance of tumor cells to cytotoxic therapy that is often found in vivo, but also that the 3D approach may also provide a superior method to identify the driving oncogenic pathways for tumor cells and critical inhibitors that may be effective for therapeutic trial.
